. 26. The VR1 gene was disrupted in JM1 mouse embryonic stem cells [M. Qui et al., Genes Dev. 9, 2523 (1995 ]. See (58) for details of VR1-null mouse generation and northern blot analysis. All animal experiments were subject to institutional review and conducted in accordance with institutional guidelines. 27. The 100-kb VR1 genomic bacterial artificial chromosome clone was used as a fluorescence in situ hybridization probe on metaphase 129SV/J fibroblasts and mapped by comparison with centromere and telomere positions (Genome Systems, St. Louis, MO). 28. Immunohistochemistry was performed as described (7, 38) with modifications. See (58) 
flects receptor-independent membrane perturbation effects similar to those previously reported with high-dose capsaicin [A. M. Feigin, E. V. Aaronov, B. P. Bryant, J. H. Teeter, J. G. Brand, Neuroreport 6, 2134 (1995)]. Indeed, no significant swelling was seen with similarly effective concentrations of resiniferatoxin. 37. Individually housed adult mice, fed ad libitum, were fluid-restricted to a 3-hour test period per day. Fluid intake was monitored by weighing sipper bottles (Nalgene, Rochester, NY) containing the indicated solutions before and after the test period. 38. A. B. Malmberg, C. Chen, S. Tonegawa, A. I. Basbaum, Science 278, 279 (1997). 39. Body temperature and locomotor activity were continuously monitored with intraperitoneal telemetric probes and VitaView Software (MiniMitter, Sun River, OR). One week after probe implantation, animals were injected subcutaneously on the back with capsaicin (1 mg/kg in 0.5 ml of 10% ethanol) or 10% ethanol alone. 40. A. Jancso-Gabor, J. Szolcsanyi, N. Jancso, J. Physiol.
206, 495 (1970 Meteorites contain micrometer-sized graphite grains with embedded titanium carbide grains. Although isotopic analysis identifies asymptotic giant branch stars as the birth sites of these grains, there is no direct observational identification of these grains in astronomical sources. We report that infrared wavelength spectra of gas-phase titanium carbide nanocrystals derived in the laboratory show a prominent feature at a wavelength of 20.1 micrometers, which compares well to a similar feature in observed spectra of postasymptotic giant branch stars. It is concluded that titanium carbide forms during a short (approximately 100 years) phase of catastrophic mass loss (Ͼ0.001 solar masses per year) in dying, low-mass stars.
Meteorites are known to contain micrometersized graphite grains whose isotopic composition suggests an origin in the ejecta of stars on the asymptotic giant branch (AGB), a late stage of evolution in the life of low-mass stars characterized by the nucleosynthesis of elemental C through the triple-␣ process and s-process elements in the star's interior (1) . These newly synthesized elements are mixed to the surface, where they slowly turn the star into a C-rich object. These elements are eventually spread over the galaxy in a wind, much of it in the form of stardust. Analysis of individual stardust grains recovered from meteorites reveals internal TiC grains, often as cores which served as heterogeneous nucleation centers for graphite grain condensation (2) . Although isotopic analysis pinpoints AGB stars as the formation sites for this stardust, there is no direct astronomical evidence for its origin from these objects. Moreover, the sizes and composition of these grains are not well understood in current models of dust formation on the AGB (3). We present astronomical evidence for the presence of TiC nanocrystals-and hence the graphitic stardust-in space, specifically near stars that are the evolutionary descendants of AGB stars. AGB stars are a prime source of carbonaceous dust in the interstellar medium (4), and the composition, origin, and evolution of this dust has been studied through observations, particularly in the infrared (IR) wavelength range. These observations reveal the dominance of carbonaceous materials, such as *To whom correspondence should be addressed. Email: gertvh@rijnh.nl amorphous carbon, polycyclic aromatic hydrocarbon molecules (PAHs), and SiC, in stardust birth sites where the elemental abundance of C exceeds that of O (5, 6) . In addition, a number of characteristic IR emission features have been recognized in the spectra of circumstellar dust, which have been used to search for specific classes of objects in the Infrared Astronomical Satellite (IRAS) spectral catalog (7) . In particular, a feature near 21-m wavelength, now known to be at 20.1 m (8), has led to the identification of a class of sources known collectively as the "21-m sources" (9) . Optical spectroscopy has shown that these 21-m sources are metal-poor, C-rich, red giants with stellar temperatures in the range of 5000 to 8000 K and enhanced s-process elemental abundances, supporting their post-AGB nature (10) (11) (12) . These population II (13) stars with M ϳ 1 M J were formed during the early history of the Milky Way and have now, after some 10 10 years, just reached the post-AGB phase, which is the last phase in the life of all low-mass stars.
We measured the IR and far-IR spectra for gas-phase metal carbide clusters (14) using the free electron laser for infrared experiments (FELIX) (15) . For Ti 8 C 12 and Ti 14 C 13 , spectra provide evidence (16) for the previously proposed Met-Car (17) and nanocrystal (18) structures. A structural assignment based upon mass spectra for larger TiC clusters is complicated by the broad isotope distribution of Ti. The IR spectra of those larger clusters are, however, similar to that of Ti 14 C 13 , which indicates that the larger clusters have nanocrystalline structures. For each size of the TiC clusters in the experiments, the wavelength dependence of the ion signal was measured, but these IR spectra were indistinguishable. The wavelength spectra of the different nanocrystals with sizes ranging from 3 atoms by 3 atoms by 3 atoms (3ϫ3ϫ3 atoms) to 5ϫ5ϫ5 atoms were therefore summed ( Fig. 1) to produce a composite spectrum, showing a strong peak near 20.1 m with a width of about 1.8 m.
We investigated the composition of dust in the surroundings of AGB stars, post-AGB objects, and planetary nebulae (PNe) using the short-wavelength spectrometer (SWS) (19) on board the IR space satellite (ISO) (20) . Here, we concentrate on those objects that have a C-to-O elemental abundance ratio larger than unity and are therefore expected to form carbonaceous compounds. While these objects represent sequential stages in the evolution of low-mass stars-separated in age by typically less than 10,000 years-their IR emission is actually otherwise remarkably different. The IR spectra of post-AGB objects show strong and broad 8-and 12-m features superimposed with weak PAH emission features. Most remarkably, however, the IR spectra of these sources are dominated by a distinct 20.1-m feature, which in all sources has the same peak wavelength (20.1 m) and profile (8) . The spectrum of SAO 96709 (also known as HD 56126) shows the presence of a very strong 20.1-m feature (Fig. 1 ). This feature is unique to the post-AGB phase of stellar evolution and has never been observed for objects in other evolutionary phases. The 20.1-m feature does not correlate with any other spectral feature of these objects. Among the proposed identifications for the 20.1-m emission feature are SiS 2 grains (21, 22) , small diamonds (23) , and urea molecules (24) . However, in no case was the comparison with laboratory spectra compelling or the origin and evolution of the carrier in this particular class of objects clarified.
Comparing the two spectra ( Fig. 1) , it is evident that the strong emission peak from the ISO observations of SAO 96709 agrees in position and width with the 20.1-m peak in the IR spectrum of TiC clusters derived in the laboratory. In the laboratory, the profile is influenced by the dynamical process of light absorption while the cluster is being heated by the laser. Nonetheless, any shift or broadening in the laboratory spectrum cannot be much greater than the bandwidth of the excitation laser (Ϸ0.1 m full width at half maximum) and is thus small compared to the total width of the peaks in Fig. 1 . In the laboratory experiments, the spectral structure is independent of the cluster size, at least in the range from 27 to 125 atoms. No experimental data on larger clusters is available, but the spectrum can be compared to that of bulk TiC. There, electron energy loss spectroscopy (EELS) shows the presence of a vibrational mode at almost the same position observed in the IR ionization study and the ISO spectrum (25) . An emission peak of TiC nanocrystals can therefore be strong, because crystallites of all astrophysically relevant sizes have similar profiles and can contribute to its intensity.
The observed flux in the 20.1-m feature can be converted to a total mass of TiC grains around these sources, using the calculated intrinsic strength of this band [600 km/mol for Ti 14 C 13 (26) ; ϭ 7 ϫ 10 Ϫ18 cm/Ti-atom]. The main uncertainty is in the adopted temperature. For both of the two best studied 21-m objects, IRAS 22272 and IRAS 07134 (SAO 34504 and 96709, respectively), dust continuum temperatures of Ӎ190 and Ӎ80 K have been derived from the observed emission at 10 to 20 and 60 to 100 m, respectively (27, 28) . The emission temperature associated with the 20.1-m carrier is not well constrained. Representing the 20.1-m TiC band by a single oscillator, the Planckmean absorption efficiency is calculated to be about 70 cm 2 g Ϫ1 for temperatures between 100 and 500 K. Given the observed total fluxes and sizes measured at a wavelength of 20 m (27, 28) of IRAS 22272 and IRAS 07134, TiC temperatures of 475 and 265 K are calculated, independent of the distance (d ) of these objects from Earth. For comparison, for 1-m graphite grains, which emit efficiently over a wider wavelength range, we calculate a temperature of 120 and 75 K, and such grains may be responsible for the ob- 2 M J (kpc ϭ kiloparsec), for IRAS 22272 and IRAS 07134, respectively. Titanium is typically depleted in these metal-poor post-AGB objects by a factor of 2 to 10 compared to solar abundances (6.4 ϫ 10 Ϫ6 by mass) (12) . Adopting a Ti abundance of 10 Ϫ6 relative to H by mass, the total H mass of the envelopes is calculated to be 10 Ϫ1 (d/1kpc) 2 and 9 ϫ 10 Ϫ1 (d/1kpc) 2 M J , for IRAS 22272 and IRAS 07134, respectively. These dust estimates are consistent with those derived from modeling the spatial and spectral energy distribution of the continuum emission of these objects (27, 28) . Thus, we conclude that the available Ti has been efficiently locked up in TiC grains in these sources. Moreover, all of this dust is still warm and close to the central star [ϳ10 16 (d/1kpc) cm (27, 28) ] and has been ejected recently (Ӎ500 year).
Our results have important implications for the understanding of the last stages of evolution of low-mass stars. The Ti abundance in low-mass stars is so low that high densities are required just to get a high enough collision rate for TiC grains to grow to the sizes observed in graphite stardust [ϳ200 Å in diameter (2)]. For a typical expansion time scale of 100 days in the stellar ejecta, a pressure of 0.1 Pa is required. The pressure is also constrained by the requirement that the TiC has to condense before the graphite grains (in which the TiC will be trapped) form. For the observed C/O ratios in these objects-only slightly larger than unity (12)-this also implies pressures of the order of 0.1 Pa (2). These pressures are much higher than commonly adopted (ϳ10 Ϫ4 Pa) in theoretical models for nucleation and condensation of dust in AGB ejecta (2, 29) . We conclude that the 20.1-m feature of TiC is a signature of a phase of high density and high mass-loss rate. Astronomical observations reveal that the 21-m feature is not observed in AGB stars, but rather only during a shortlived (Ͻ1000 years) phase directly after the AGB phase. Therefore, we conclude that these TiC nanocrystals are formed during the so-called superwind phase, which is a phase of high mass-loss where AGB stars lose the remaining stellar envelope, terminating their life on the AGB (30) . Our analysis shows that the mass lost during this superwind phase represents a substantial fraction (ϳ0.5 M J ) of the initial stellar mass. The physical processes responsible for the superwind phase are not well understood (31) . However, given the metallicity pattern of these objects, this phase may coincide with a thermal pulse that dredges up newly synthesized material from the stellar interior and changes the star into a C-rich object. From the mass of TiC grains derived above, we conclude that ϳ0.5 M J is involved in this catastrophic event, and we derive a mass-loss rate exceeding 10 Ϫ3 M J / year. A similarly high mass-loss rate during the superwind has been derived from the observation of highly rotationally excited CO (32) for the so-called egg nebula-the only normal metallicity, post-AGB object with a 20.1-m feature. Mid-IR studies of 21-m objects reveal an axisymmetric structure for the emission, which implies an equator-topole density contrast of 20 (27, 28) , further enhancing the densities at which dust condensation takes place. Examination of the stellar mass budget suggests that these objects cannot have lost much mass before this superwind phase. This may be related to the low metallicity of these objects, i.e., during the preceding phases (with C/O Ͻ 1), insufficient oxide or silicate dust could form to drive a large mass loss. Although the idea of a superwind terminating the AGB has been around for some 20 years (30), mass-loss rates estimated in the past for this event from observations of AGB objects (e.g., OH/IR stars, the pre-AGB-tip objects) are an order of magnitude less [10 Ϫ4 M J /year (33)]. Thus, the TiC identification suggests that rather than with a wimpy wind, low-mass stars end their life with (almost) a bang.
In the different sources, the 21-m feature represents between 3 ϫ 10 Ϫ3 and 3 ϫ 10
Ϫ2
of the total stellar luminosity. Most of the emission comes out in the mid-and far-IR continuum carried by large graphite or amorphous carbon particles (27, 28) . This 20.1-m feature-to-continuum ratio is higher than might be expected from the Ti/C abundance ratio (Ӎ1.5 ϫ 10 Ϫ3 by mass) in this class of objects (12) . We attribute this high ratio to the small size of the TiC nanocrystals. From abundance considerations, we expect graphite grains to grow to much larger sizes than TiC grains, and such large grains are poor absorbers of stellar light on a per mass basis. Although there is no direct information on the sizes of the grains around these objects, meteoritic graphite grains have diameters in the range of 0.3 to 9 m, whereas the embedded TiC grains are Ӎ0.02 m in diameter. There is no sign of the 20.1-m feature in the IR spectra of PNe, which is the subsequent evolutionary phase of AGB stars, or in the interstellar medium. In general, there is a strong spectral evolution in the IR from the AGB through the post-AGB to the PNe phase, reflecting destruction of the emitting dust (34) . Only the largest grains and their inclusions may survive this process to be eventually incorporated into the solar system.
Our laboratory studies also have implications for models of dust nucleation and condensation in stellar ejecta. As in the laboratory, stable cluster intermediaries may play an important role in the condensation of TiC dust in astrophysical settings (35) . We suggest that the sequence from the 3ϫ3ϫ3 to the 5ϫ5ϫ5 atom clusters may well be the first steps for this process. Furthermore, we emphasize that thermal electron emission may be essential in the formation of such small clusters. When a growing cluster undergoes a collision with either a C or a transition metal atom, the binding energy of this atom has to be released from the collision complex. In low-density environments, this usually happens by radiative relaxation. This process is, however, not very efficient, and the transient collision complex will usually dissociate back to reactants. In species that can undergo thermal electron emission, on the other hand, an electron can be emitted instead. The resulting ion is now stable toward dissociation, and it can frequently recapture a free electron, each time having the opportunity to radiatively cool itself. In a similar vein, when a nanocrystal is excited by an ultraviolet photon or an energetic particle, instead of dissociation, an electron can be emitted, taking away energy.
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We report the specific transduction, via surface stress changes, of DNA hybridization and receptor-ligand binding into a direct nanomechanical response of microfabricated cantilevers. Cantilevers in an array were functionalized with a selection of biomolecules. The differential deflection of the cantilevers was found to provide a true molecular recognition signal despite large nonspecific responses of individual cantilevers. Hybridization of complementary oligonucleotides shows that a single base mismatch between two 12-mer oligonucleotides is clearly detectable. Similar experiments on protein A-immunoglobulin interactions demonstrate the wide-ranging applicability of nanomechanical transduction to detect biomolecular recognition.
In recent years, biomolecules and their unique ability of molecular recognition have been investigated in terms of their mechanical response to external forces. A common feature of methods such as atomic force microscopy (AFM) (1-3), optical tweezers (4), and magnetic bead experiments (5) is that the molecules are probed by applying an external force. Conversely, intermolecular forces arising from adsorption of small molecules are known to induce surface stress, directly resulting in the mechanical bending of a solid surface or a cantilever (6 -9) . Recently, cantilever bending by nonspecific adsorption of proteins was reported (10, 11) . An analogous transduction process is found in biology, where the interaction of membrane molecules modifies the lateral tension of a lipid bilayer. The resulting curvature of the membrane is responsible for mechanically triggering membrane protein function (12) .
We have taken advantage of biochemically induced surface stress to directly and specifically transduce molecular recognition into nanomechanical responses in a cantilever array. This is achieved by immobilizing a monolayer of receptor molecules on one side of the cantilevers and then detecting the mechanical bending induced by ligand binding in a liquid environment. A major advantage of such a direct transduction is that it eliminates the requirement that the molecules under investigation be labeled, for example, with fluorescence or radioactive tags.
DNA hybridization is a prominent example of molecular recognition, fundamental to the biological processes of replication, transcription, and translation. Consequently, we studied the surface stress arising from WatsonCrick base pairing between unlabeled oligonucleotides and their surface-immobilized binding partners. Hybridization experiments were performed in a liquid cell containing a silicon cantilever array immersed in hybridization buffer (Fig. 1) (13) . The bending of each cantilever was measured in situ, using an optical beam deflection technique (14) . Synthetic 5Ј thio-modified oligonucleotides with different base sequences were covalently immobilized on the gold-covered side of the cantilevers ( Fig. 2A) (15) . The functionalization of one cantilever with a 12-mer oligonucleotide and the other with a 16-mer oligonucleotide was performed in parallel under identical conditions (15) . The arrays were equilibrated in hybridization buffer until the differential signal became stable. Then, the complementary 16-mer oligonucleotide solution was injected into the liquid cell (Fig. 2B) followed by injection of complementary 12-mer oligonucleotide solution (Fig. 2C) . The injections lead to hybridization of oligonucleotides in solution with the matching oligonucleotides immobilized on the cantilever surfaces. This results in a difference in surface stress between the functionalized gold and the nonfunctionalized Si surface, which bends the cantilever. During the entire process, the absolute deflections of individual cantilevers were recorded (Fig.  3A) . Simultaneously, we extracted the differential signal (deflection of cantilever covered by the 16-mer oligonucletoide minus deflection of the cantilever covered by the 12-mer oligonucelotide) (Fig. 3B) .
Signals from individual cantilevers displayed drifts of several tens of nm during equilibration (interval I in Fig. 3A) . In general, injections of liquid resulted in spikes of up to 100 nm in amplitude, which are ascribable to turbulences. This was followed by an immediate increase of the signal by ϳ50 nm 1 
